Abstract: The Laohahe River basin, located in northeastern China, was selected as a case study to quantify the magnitude of changes in land use and land cover (LULC) during the period from the 1970s to the 2010s and its quantitative effects on surface hydrology, based on hydrologic modeling of a distributed Soil and Water Assessment Tool (SWAT) model and catchment-scale spatial information analyses from remotely sensed data. Land cover maps with 30-m resolution from 1979, 1989, 1999, and 2007, interpreted from Landsat images, were used to analyze LULC changes during the last decades. The observed daily hydro-meteorological data from 1970 to 2006 were divided into four periods: 1970-1979, 1980-1989, 1990-1999, and 2000-2006. The SWAT model was utilized for each period with four LULC scenarios, which were developed by using the four LULC maps. Annual and monthly surface runoff and actual evapotranspiration (AET) were selected as important hydrologic elements to indicate the hydrologic response to LULC changes. The results revealed that distinct land cover changes occurred in the basin; the most important change was the conversion among vegetation cover classes of cropland, forest land, and grassland. Surface runoff always decreased as the LULC scenarios changed from 1976 to 2007 during all periods, but AET did not change regularly following the present LULC changes. Multiple regression equations between quantitative changes of LULC and hydrologic elements were developed. The equations indicated that the changes in three vegetation cover classes of grassland, cropland, and forest areas significantly affected hydrological elements and the increases of vegetation cover class areas all led to decreases in surface runoff and increases in AET. Moreover, given the same quantitative area change, the effects of cropland on hydrologic elements were the strongest, the effects of forest land were the second strongest, and the effects of grassland were the third. The effects of LULC changes on the seasonal distribution of hydrologic elements were also investigated. The results demonstrated that LULC changes have less influence on surface runoff and AET in nonflood seasons, but more influence in flood seasons, especially in July, August, and September, when the crops grow best. The results of this study improved the understanding of hydrologic responses to LULC changes and provided needed knowledge for agricultural decisions and the management of land use and integrated water resources.
Introduction
Lately, multiple forces of change, such as demographic trends, climate variability, national policies, and macroeconomic activities, have resulted in extensive alternations in land use and land cover (LULC), which have affected hydrologic systems, both at basin and regional scales (Legesse et al. 2003) . Knowledge of how regional hydrologic cycles of various spatial and temporal scales are affected by LULC is vital to the management of land use and water resources and sustainable socioeconomical development. The hydrological processes most affected by land use are evapotranspiration (ET), recharge, and runoff (Batelaan et al. 2003) . Many studies have revealed the interrelationships of LULC changes with various aspects of regional hydrologic cycles (Costa et al. 2003; Fang et al. 2007; Gebresamuel et al. 2010; Guo et al. 2008; He et al. 2008; Legesse et al. 2003; Liu et al. 2009; Moiwo et al. 2010; Mueller et al. 2009; Siriwardena et al. 2006; Woldeamlak and Sterk 2005; Zhang and Schilling 2006) . However, because of the limitations of research methodologies, the complexities of research objectives, and the differences in regions and scales of watersheds, many contradictive conclusions have been drawn from previous studies. For example, experimental studies on the impacts of catchment vegetation changes on hydrology have invariably been conducted on small catchments, and the similar relationships that were found to exist for small catchments could not be established in large catchments (Siriwardena et al. 2006) . Moreover, despite the general recognition of the problem of LULC changes and its impact on land and water resources, few studies are available that show a quantitative relationship between LULC changes and catchment hydrology (Woldeamlak and Sterk 2005) .
Regarding research methodologies, hydrologic models are regarded as a powerful tool for predicting the impacts of climate and LULC on watershed hydrology (Whitehead and Robinson 1993) . A wide range of physically based models have been developed to simulate complex aspects in hydrologic regimes (He et al. 2008) . The Soil and Water Assessment Tool (SWAT) model has been reported as useful for evaluating hydrologic regimes at daily, monthly, and yearly time scales (Bouraoui et al. 2005) . The land management practice subroutine gives the SWAT model a special capability to simulate the effects of different land use practices on surface hydrology (Guo et al. 2008) . The SWAT has been used as an effective tool to model the impacts of climatic and LULC changes on hydrologic and biogeochemical cycles (Arnold and Fohrer 2005) .
Like many other developing countries throughout the world, significant LULC changes have been observed in China since the last century. Few studies have investigated the hydrologic responses to LULC changes in semiarid and semihumid north China. In this study, the Laohahe River basin, located in a semiarid region in northeastern China, was selected as a case study to investigate the impacts of LULC changes on the catchment-scale hydrologic cycle. The objective of this study was to quantify the magnitude of LULC changes in the Laohahe River catchments during the period from the 1970s to the 2010s, and to quantitatively investigate the hydrologic response to LULC changes based on the hydrologic modeling of a distributed SWAT model and catchmentscale spatial information analyses from remotely sensed data.
Methods

Study Area
The Laohahe River basin, with a total drainage area of approximately 19,000 km 2 , is controlled by the XingLongPo hydrologic station (42°19′N, 119°26′E). It is a tributary of the West Liaohe River and situated in northeast China between 41°-43°18′N and 117°-120°30′E (Fig. 1) . It covers partial areas of Hebei Province, Liaoning Province, and the Inner Mongolia Autonomic Region.
Topographically, the Laohahe River basin shows well pronounced variations, with elevation ranging from approximately 400 m at the channel outlet to approximately 2,000 m at the mountain ridges in the area (Fig. 1) .
The Laohahe River basin is in a semiarid and semihumid climatic zone. Its annual mean precipitation and mean temperature vary from 300 mm and −7°C in the northwest mountainous area to 600 mm and 2°C in the southeast lowland. The intraannual distribution of precipitation is very uneven, with peak values occurring in the rainy season (i.e., June-August) and low values occurring in the dry season (i.e., September-May) (Fang et al. 2007 ). The driest months are from November to February, with monthly precipitation usually below 10 mm (Fang et al. 2007 ).
Description of Model
The SWAT model is comprehensively described in the literature Arnold and Fohrer 2005; Srinivasan et al. 1998) . The SWAT is a physically based model, developed to predict the impact of land management practices on water, sediment, and agricultural chemical yields in large complex watersheds with varying soils, land use, and management conditions over long periods of time (Neitsch et al. 2005) . The strength of the model in studying the long-term impact of land use changes on surface hydrology makes it particularly suitable for this study, which may help to quantitatively understand the relative impacts of LULC changes on basin hydrology. The inputs for the model include topography, soil properties, LULC, weather, and land management practices in the study basin.
The SWAT provides spatial coverage of the integral hydrologic cycle, including fluxes through atmosphere, plants, unsaturated zone, groundwater, and surface water (Immerzeel and Droogers 2008) . In the SWAT model, precipitation is assumed to be intercepted first by the canopy of vegetation. The amount of water held by the canopy is a function of the density of plant cover and the morphology of the plant species, defined by the leaf area index (LAI) (Neitsch et al. 2005) . Precipitation reaching the ground after the interception infiltrates into soils. The infiltration rate varies according to soil water content (SWAT). The soil profile consists of up to 10 soil layers, a shallow aquifer (2-25 m), and a deep aquifer (>25 m). When the soil water content is saturated (field capacity is achieved), water is routed to the lower soil layer, which means that percolation occurs. Percolation continues to deliver soil water to the aquifer. Lateral water flows are allowed in both the soil layers Fig. 1 . Location and topography of the Laohahe River basin and the locations of nearby meteorological stations and saturated (aquifer) layers in this model (Guo et al. 2008) . Water percolated into the soil is later evapotranspired or is routed to the channels as lateral water flow.
Conceptually, the SWAT subdivides the catchment into subbasins and a river network based on data from a digital elevation model (DEM). The subbasins were further detailed into hydrologic response units (HRUs) to describe spatial heterogeneity according to topography, land use types, and soil within a watershed, which were the fundamental units of calculation. In each HRU, relevant hydrologic components in the water budget for surface, soil, and groundwater such as surface runoff, base flow, ET, and soil moisture, were calculated.
Data Collection and Analysis
Spatial data acquired in this study included LULC maps, DEM, soil properties, climatic data, and observed basin discharge. These data were obtained and are detailed in the following.
Four LULC maps ( Fig. 2) with 30 m spatial resolution were interpreted from Landsat satellite images with a variety of reference data. The map of 1976 was from multi-spectral scanner (MSS) images, the map of 1989 and of 2006 was from thematic mapper (TM) images, and the map of 1999 was from Enhanced Thematic Mapper Plus (ETMþ) images. According to the reference data, reliable samples of each class were carefully selected cautiously and the separability was computed. All the Jeffries-Matusita and transformed divergence data measuring the separability were above 1.99, which means that the samples had reliable separability (Richards and Jia 1999) . A support vector machine method (LIBSVM; Fan et al. 2005; Haralic et al. 1973; Hsu and Lin 2001; Huang et al. 2002 Huang et al. , 2008 Pal and Mather 2005; Su et al. 2007; Treitz and Howarth 2000; Zhang 1999; Zhu and Blumberg 2002) was used for image classification based on the spectral characteristics and the spatial patterns of LULC classes. The results of classification showed that all of the overall accuracies were above 91.14% and Kappa statistics were above 88.67%.
Considering the absence of actual LULC data sequences, the LULC maps of the years 1976, 1989, 1999, and 2007 are used to represent actual LULC scenes over the catchment during four periods: 1970-1979, 1980-1989, 1990-1999, and 2000-2006. Based on the classification of Landsat images from the individual years, a multidate postclassification comparison change detection algorithm was used to determine LULC changes in three intervals, 1976-1989, 1989-1999, and 1999-2007 . The postclassification approach is perhaps the most common and successful approach to change detection (Jensen 2004; Yang 2002) . It provides ranges of change information and the landscape transformations can easily be calculated and mapped (Yuan et al. 2005) .
The DEM of the basin was from the Shuttle Radar Topography Mission (SRTM) DEM data set with 90 m spatial resolution and was resampled to 30 m resolution to match LULC maps. Based on the DEM, the Laohahe River catchment is subdivided into a total of 33 subbasins.
Soil data at scale of 1∶1,000,000 were obtained from a soil survey completed in 1993 from the Inner Mongolia Autonomic Region Agriculture Bureau. Table 1 shows the soil types according to the Genetic Soil Classification of China and their percentages of distribution in the basin. The soil data also provide soil properties such as the fractions of sand, clay, and silt for each soil layer and each cell. The hydrologic properties of each soil layer, such as bulk density, available water capacity, and saturated hydraulic conductivity were calculated by the soil-plant-air-water (SPAW) model (Saxton and Willey 2005) .
Daily average air temperature, wind speed, hours of sunshine, and relative humidity data from 1970 to 2006 were collected from seven Chinese standard meteorological stations located within or near the study basin, as shown in Fig. 3 . The daily data of hours of sunshine were used to calculate daily solar radiation, which was acquired in the SWAT model. Daily precipitation and pan evaporation data from 1970-2006 were collected from 52 precipitation gauges located within the study area (Fig. 3) .
Daily discharge data from 1970 to 2006 at nine hydrologic observation stations within the Laohahe River basin were collected for the calibration and validation of the SWAT model (Fig. 3 ).
Calibration and Validation of the Model
Model calibration and validation were implemented during four periods: 1970-1979, 1980-1989, 1990-1999, and 2000-2006 , by using hydro-meteorological data corresponding to the same periods and LULC data of the years 1976, 1989, 1999, and 2007 . For the four periods, the time periods for calibration were 1970-1975, 1980-1985, 1990-1995, and 2000-2003 and the remaining data from 1976-1979, 1986-1989, 1996-1999, and 2004-2006 were used for model validation.
There are nine hydrologic monitoring stations in the Laohahe River catchment, including the watershed outlet, XingLongPo Station (Fig. 3) . The calculation was conducted from upstream gauges to downstream gauges, beginning with DianZi Station.
The next downstream station (XiaoChengZi Station) was completed to the same level of detail. The rest were processed analogically. Finally, XingLongPo Station was intensively calibrated.
Calibration and validation of the output from the SWAT was performed by comparing the predicted flow and with corresponding in-stream measurements at the nine hydrological stations from 1970 to 2006. For the calibration, after average annual discharge rates were acceptable, with relative error between model-simulated and measured average annual discharges under 15%, SWATpredicted monthly hydrographs at the nine sites were compared to observed data for further calibration. The performance of the model was measured by using the Nash-Sutcliffe efficiency [N-S, Eq. (1)] and r-squared [r2, Eq. (2)]:
where Q obs i = observed streamflow (m 3 =s) at time step i; Q sim i = simulated streamflow (m 3 =s) at time step i;Q obs i andQ sim i = mean of the observed and simulated values, respectively (m 3 =s); and N = number of data points. N-S is a statistical measure that is more stringent than r2 because it compares two variables, assuming a 1∶1 relationship, rather than measuring deviation from the best fit line, as with r2 measurements. Thus, N-S values greater than or equal to 0.50 are considered adequate for SWAT model applications (Santhi et al. 2001) .
Results and Discussion
LULC Changes
The postclassification approach was used to calculate and map the range of change information and the kinds of landscape transformations that occurred. The individual LULC class area and change statistics for the four years are summarized in Table 2 . The primary LULC types are forest land, grassland, and cropland, which account for more than 96% of the total basin area. Table 2 shows that distinct LULC changes happened throughout the basin during the period from the 1970s to the 2010s. The residential area continuously increased and the grassland area continuously decreased. The forest land area decreased during the interval of 1976-1989, but continuously increased since 1989. The cropland area almost increased along with the time, except for the interval of 1989-1999, through which it slightly decreased. The water body and fallow land areas changed with a wavy pattern. To further evaluate the results of LULC conversions, matrices of LULC changes were created from 1976 to 1989, 1989 to 1999, and 1999 to 2007 . In the matrices, changed LULC classes with area percentages exceeding 1% were considered to be distinct changes and mapped as shown in set of optimized parameters can be applied to examine hydrologic responses to LULC changes in the basin.
Hydrologic Response to LULC Changes
As mentioned in the preceding sections, four LULC scenarios derived from Landsat images of the years 1976, 1989, 1999, and 2007 were used to represent LULC over the catchment during four periods: 1970-1979, 1980-1989, 1990-1999, and 2000-2006. The parameters of the model were calibrated by using hydrometeorological and LULC data corresponding to the same periods. The computed surface runoff and actual evapotranspiration (AET) from the results of the SWAT model were selected to investigate the hydrological responses to LULC changes. Table 3 presents results of model simulation during different periods. All of the values of N-S and r2 are more than 0.65 and relative errors of surface runoff and AET are mostly below 10%, which demonstrate that the results of model simulation are reasonable and applicable. Monthly hydrologic simulations during the four periods were implemented; the effects of LULC changes were investigated by applying the calibrated hydrological model to three other LULC scenarios. Table 4 presents the calculated mean annual values. In Table 4 , for each period, values in bold show the results that were calculated from the corresponding LULC and hydrometeorological data, and the other results that were simulated by applying the calibrated hydrological model to three other LULC scenarios. During all of the periods, surface runoff always decreased as the LULC scenarios changed from 1976 to 2007, with the exception of 1990-1999. During the period of 1990-1999, surface runoff generated under the LULC scenario in 1989 was a little less than that generated under the LULC scenario in 1999, which seems not markedly irregular because of small differences between the pairs of surface runoff values generated under both LULC scenarios. However, as shown in Table 4 , the changes of AET during each period are complex without an obviously regular trend under different LULC scenarios. This demonstrates that AET does not change regularly following the present LULC changes.
To further examine the quantitative effects of LULC changes on hydrologic elements, multiple regression analyses were conducted by using area percentage changes of six LULC classes as independent variables and hydrologic elements (i.e., surface runoff and AET) as dependent variables. To collect as many samples as possible, area percentage changes of LULC classes during six time intervals (1976-1989, 1976-1999, 1976-2007, 1989-1999, 1989-2007, and 1999-2007) were calculated as independent variables. The corresponding variations of surface runoff (denoted as ΔR) and AET (denoted as ΔAET) were calculated during four periods as dependent variables. All of the samples of multiple regression analyses are listed in Table 5 . Twenty-four samples were found for each dependent variable, ΔR or ΔAET.Before the multiple regression analyses, two-tailed t-tests (Fisher Box 1987) with 0.05 critical value and six degrees of freedom were used to examine the significance of each independent variable. According to the testing, the area percentage changes of grassland, forest land, and cropland were significantly correlative to hydrologic elements, whereas the others showed no significant correlation to hydrologic elements. As a result, multiple regression analyses were implemented by using variations in forest (ΔFRST), grassland (ΔAGRL), and cropland (ΔPAST) as independent variables and ΔR and ΔAET as response variables; the results are shown in Table 6 .
Taking into account the results of multiple regression analyses in Table 6 , because the coefficients of area percentage changes of three cover classes were all negative in the regression functions of surface runoff variations and all positive in the regression functions of AET variations, it can be concluded that the increases of grassland, cropland, and forest land areas all led to decreases in surface runoff and increases in AET. Moreover, in the regression function of the surface runoff variations, the absolute value of the coefficient of cropland was the largest. The coefficient of forest was the second largest and the coefficient of grassland was the smallest; the two latter coefficients are approximately equal to each other. In the regression function of AET variations, the sort of absolute coefficient values of three cover classes was similar to the regression function of surface runoff variations, whereas the coefficients of cropland and forest land were approximately equal to each other. That is, given the same quantitative area changes, the effects of cropland on hydrologic elements were the strongest, the effects of forest land were the second strongest, and the effects of grassland were the third. Regarding the surface runoff, the effects of forest land were slightly stronger than the effects of grassland and much weaker than cropland; for AET, the effects of cropland were slightly stronger than the effects of forest and much stronger than the effects of grassland.
The effects of LULC changes on the seasonal distribution of surface runoff and AET were also investigated; the results are shown in 1970-1979 1980-1989 1990-1999 2000-2006 1970-1979 1980-1989 1990-1999 2000-2006 1976-1989 −0 Figs. 6 and 7, respectively. In Figs. 6 and 7, the values of the y-axes of each broken line graph denote the differences between mean monthly hydrologic elements generated under the corresponding LULC scenarios and those generated under the other three LULC scenarios during each period. For example, Fig. 6(a) shows all of the differences of simulated mean monthly surface runoff under four LULC scenarios during the period of 1970-1979 with the simulated mean monthly surface runoff, minus the corresponding mean monthly surface runoff simulated under the scenario of LULC in 1976. Figs. 6 and 7 show that all of the broken line graphs have a common character, although their patterns are different and complicated. The common character is that the extreme values of the broken line graphs centralized at the period from July to September, which is the flood season and also the growing season of this basin. During the period from October through June, the values of differences were much smaller. In other words, LULC changes have less influence on surface runoff and AET in nonflood seasons but more influence in flood seasons, especially in July, August, and September, when the crops grow best.
Conclusion
The purpose of this study was to assess the hydrologic responses to LULC changes in the Laohahe River basin by using the SWAT model and remotely sensed data. The observed daily hydrometeorological data from 1970 to 2006 were divided into four periods: 1970-1979, 1980-1989, 1990-1999, and 2000-2006 . The LULC scenarios with 30-m resolution for those four periods were developed by using the LULC data in 1979, 1989, 1999, and 2007 , interpreted from corresponding Landsat images. Distinct LULC changes were found throughout the basin from 1979 to 2007. The residential and cropland areas basically showed an increasing tendency and the grassland area showed a decreasing tendency. The forest land area decreased from 1976 to 1989, but continuously increased since 1989. The water body and fallow land areas changed with a wavy pattern. The most important LULC change was the conversion among vegetation cover classes of cropland, forest land, and grassland.
The annual mean surface runoff and AET during four periods under each LULC scenario calculated from the SWAT model showed that surface runoff always decreased as the LULC scenarios changed from 1976 to 2007 during all periods, but AET did not change regularly following the present LULC changes. The results of multiple regression analyses indicated that the changes in the three vegetation cover classes of grassland, cropland, and forest areas significantly affected hydrological elements. The increases in the cover class areas of vegetation all led to decreases in surface runoff and increases in AET. Moreover, given the same quantitative area change, the effects of cropland on hydrologic elements were strongest, and the effects of forest land were the second strongest, and the effects of grassland were the third. The effects of LULC changes on the seasonal distribution of surface runoff and AET were also investigated; the results demonstrated that LULC changes have less influence on surface runoff and AET in nonflood seasons, but more influence in flood seasons, especially in July, August, and September, when the crops grow best.
This study investigated the effects of LULC changes on AET and surface runoff within the context of catchment-scale spatial information and drew some specific conclusions. The results of this study can improve understanding of hydrologic responses to LULC changes and provide needed knowledge for agricultural decisions and for the management of LULC and integrated water resources.
In general, the changes in LULC conditions are not continuous and are small in consecutive years. However, the change is quite large on a decadal basis (Liu et al. 2009 ). In this study, based on the availability of LULC data interpreted from remotely sensed Landsat images, four scenarios of LULC were selected to represent the LULC over the Laohahe River basin during four different periods. Disposal using the four scenarios to represent the situation of LULC in the corresponding periods may introduce some errors. The conclusions of this study should be validated and tested by using more temporally distributed data in future work to obtain more accurate, reliable results.
